Potato virus Y (PVY) is one of the most important virus diseases of potato and can be responsible for yield losses of 10 to 80%, depending on the cultivar (2) . Significant time and effort is expended worldwide to produce seed potato crops containing very low or undetectable levels of this virus. Unfortunately, PVY infection in some of the newer North American cultivars, such as Shepody and Russet Norkotah, frequently results in mild or even latent symptoms as opposed to the typical foliar mosaic symptoms that are readily observed in more traditional cultivars like Russet Burbank (6) . The lack of clear, identifiable symptoms means that producing certified seed of Russet Norkotah and Shepody can be difficult, because production methods for certified seed potato in the United States still rely heavily on visual inspection procedures for detection and removal of PVY-infected plants (1) . The mild symptom expression in these cultivars has led both seed and commercial potato producers to conclude that Shepody and Russet Norkotah are more "tolerant" of PVY and, thus, would suffer less yield loss than Russet Burbank for a given percentage of seedborne virus (6) .
Although PVY has been reported to be a yield-limiting factor in potato production, the range in degree of symptom expression among cultivars is not considered to be a reliable indicator of the yield reduction that occurs in PVY-infected plants (6, 10) . PVY, in combination with potato early dying, decreased yield by 70% in Russet Norkotah (8) . A commercial planting of cv. Morene was reported to have suffered a yield loss of 5 to 7% because of 18% seedborne PVY (5) . Yield reductions of 29 to 59% due to seedborne PVY infection were reported in cvs. Bintje, Record, Sabina, and Matilda (7) .
The objective of this study was to compare the effect of various levels of seedborne PVY infection on yield of Russet Burbank, a cultivar that displays typical mosaic foliar symptoms, with Russet Norkotah and Shepody, cultivars that show very mild symptoms as a result of PVY infection.
MATERIALS AND METHODS
Potato seed performance can be quite variable among seed lots. To obtain seed for studying the effect of various infection levels of PVY on yield, it was desirable to have quantities of seed tubers with known percentages of the tubers infected with PVY. Ideally, both healthy and infected tubers should be from the same seed lot to eliminate lot-to-lot variability in seed performance. For this study, seed lots with various target levels of PVY were created by growing inoculated and noninoculated portions of the same seed lot in very close proximity in a small field plot, harvesting tubers from the inoculated and noninoculated plants at the same time, and storing them in the same facility under the same conditions. In the spring, tubers from healthy plants and from PVY-infected plants were cut into seed pieces, which then were combined in different ratios of healthy to PVY-infected seed pieces to produce seed lots with the desired percentages of PVY infection. This procedure was carried out in an attempt to eliminate variability in performance among seed lots.
Seed production. Seed production for all 3 years of the study was performed at the Colorado State University facility in Center, CO. Seed tubers from certified seed lots (field generation 2) of Russet Burbank, Russet Norkotah, and Shepody that had tested free of Potato leaf roll virus (PLRV) and PVY in both the summer and winter inspections were used to produce seed for the study. Seed tubers were planted in four 30-m rows spaced 0.9 m apart, with hills spaced 30 cm apart within the row on 5 May 1994, 16 May 1995, and 15 May 1996. An additional two rows, which remained noninoculated and served as the source of noninfected seed tubers, was planted at least 4 m away from inoculated rows each year. The set of four rows per cultivar was inoculated mechanically with PVY on 13 June 1994, 16 June 1995, and 20 June 1996, according to the protocol described below. A second inoculation was made 1 to 3 weeks later on plants that had not emerged at the time of the first inoculation. The same plot plan was utilized in all three years of the study.
Inoculum source and maintenance. The PVY strain used for the duration of the experiment was determined to be a form of strain group 01 by Peter Ellis of Phyto Diagnostics (Sydney, BC, Canada) using a monoclonal antibody technique (3). Tubers were harvested from two plants of cv. Crestone Russet in a seed producer's field near Center, CO that were infected naturally with PVY and also had tested negative for PLRV, Potato virus X (PVX), and Potato virus S (PVS). Six tubers from each plant were planted into 30-cmdiameter black plastic pots containing an artificial soil mix (Sunshine #1; Sun Gro Horticulture, Inc., Bellevue, WA) and maintained in a glasshouse. These plants also were tested for PVY, PLRV, PVX, and PVS using the direct tissue-blotting assay (DTBA), a serological technique which is similar in principle and accuracy to enzyme-linked immunosorbent assay (11) . Of these 12 plants, 2 plants, both of which had tested positive for PVY and negative for all of the other viruses, were selected to provide infected foliar tissue for preparation of PVY inoculum for the field inoculations, and to provide infected tubers for replanting in the glasshouse to maintain an available source of virus. Diseased plants were maintained in the glasshouse until the foliage began to decline (approximately 4 months), at which time the tubers were harvested and held at 20°C until they began to break dormancy. These tubers then were planted in the glasshouse in the same manner as the original tubers. This "serial planting" technique of harvesting and planting tubers from source plants was repeated continuously over the course of the experiment. Glasshouse-harvested tubers produced plants that emerged and developed at different rates, meaning that PVY-infected source plants at several stages of maturity were growing concurrently. These methods were employed to ensure that sufficient quantities of infected foliar tissue at the proper stage of maturity were available when needed for preparation of inoculum for the field inoculations. Plants selected for use as inoculum sources for the inoculation of the field-grown seed were approximately 10 weeks old. Each year, the source plants in the glasshouse were tested for PVY, PVX, and PVS using the DTBA before inoculations were attempted. SCIL Diagnostics (Martinsread, Germany) was the source of antiserum for the DTBA testing.
Field inoculations were performed when plants were 10 cm tall, using a procedure developed by E. Bantari (personal communication). Infected leaf tissue from the Crestone source plants was macerated in a chilled blender with a potassium phosphate buffer at a ratio of 150 g of leaf tissue per 500 ml of buffer. The inoculation buffer was prepared using a 1:10 dilution (wt/vol) of a stock solution (0.5 M K 2 HPO 4 , 0.5 M KH 2 PO 4 , and 0.2% NaSO 3 , pH 7.5) to which 5 cm 3 of carborundum (500 mesh, Fisher Chemical, Pittsburgh, PA) per liter was added. The solution then was filtered through cheesecloth into the chilled stainless steel reservoir container of an automotive-type paint sprayer (Devilbiss, Maumee, OH). The sprayer was adjusted to apply the solution at 7.0323 kg/cm (6.89 bar). The nozzle of the spray gun was held approximately 15 cm from the target plant and each plant received a blast of the inoculum solution until all of the leaves were wet (approximately 3 s).
All plants in the field plots were tested for PVY, PVX, PVS, and PLRV on 17 August 1994, 14 August 1995, and 26
August 1996 using the DTBA. PVX was not detected, but PVS was found in all plants assayed. Vines were killed by application of diquat dibromide (Reglone; Syngenta, Greensboro, NC) at the rate of 1.15 liters/ha in 280 liters of water. Plants that tested positive for PVY were flagged and the tubers harvested by hand when the vines were completely dead, 3 weeks after vine kill. Healthy plants also were flagged and harvested. For this study, healthy plants are defined as testing negative for PLRV, PVX, and PVY and testing positive for PVS . Infected plants were defined as testing positive for PLRV and PVX and testing positive for PVY and PVS. Seed tubers from both healthy and infected plants then were stored in a walk-in cooler maintained at 3.3°C and 80% relative humidity until used the following spring.
Percent seedborne PVY versus yield. The field experiments were performed at the University of Idaho Parma Research and Extension Center in Parma, ID in a randomized complete block design that incorporated four replications. Seed pieces were planted in paired rows of 25 seed pieces each, and each plot also included a one-row border on either side of the paired rows. To reduce current-season spread of PVY by noncolonizing aphids, a 2-m buffer zone of Sudan grass, (24 rows of cv. Trudan 8), was planted around the edge of the whole experiment. Seed tubers from the healthy and PVY-infected portions of the Colorado-produced seed lots were hand cut into 50-to 70-g seed pieces. Healthy and infected seed pieces, mixed in the desired target ratios, were placed randomly into paper bags (25 seed pieces per bag for a total of 50 seed pieces per plot) to ensure random placement of infected seed pieces within each respective plot. Seed was cut, combined into the desired (target) ratios of healthy to PVY-infected seed pieces, and planted on 18 April 1995. The amount of infected seed produced for the 1995 plots allowed for target levels of 0, 2, 10, 20, and 50% seedborne PVY treatments for all three cultivars. The target levels selected represented several percentages of seedborne virus that are significant to seed and commercial potato producers. Noninfected seed (0%) was included as the control. The 2% level represents the maximum amount of PVY allowed in Idaho seed stocks intended for recertification (seed that can be replanted in the seed program to be increased at least one more season before being sold for commercial production (1). The 10% level represents the maximum incidence of PVY infection allowed, at the time these experiments were performed, in certified seed intended for commercial planting in Idaho (1). The 20% and higher levels were included to investigate the effects on yield of moderate to very high levels of seedborne PVY. plished by combining seed pieces produced by cutting tubers harvested from plants that had tested positive for PVY in the Colorado seed-production plots during the previous year with the appropriate number of seed pieces cut form tubers harvested from plants that had tested negative for PVY in the Colorado seed-production plots in the previous year.
Seed Statistical analysis. The detected incidences of PVY recorded for the plots varied, in some cases considerably, from the target levels; therefore, regression analysis was used to measure the negative impacts of different levels of seedborne PVY on yield and the statistical significance of this yield loss. The yield data was analyzed using ordinary least squares regression analysis (9) . A regression analysis of data for the 3 years was performed for each cultivar. The following model was estimated: Yield = b o + b 1 PVY + b 2 Y2D + b 1 Y3D + ε, where yield is the total yield in metric tons (t)/ha, PVY is the actual incidence (%) of plants infected with PVY, Y2D = 1 for year 2 and 0 otherwise, Y3D = 1 for year 3 and 0 otherwise, the b i are the parameters estimated by the regression, and ε is an error term assumed to have the desirable statistical properties. The effect of Y2D and Y3D in the model is to allow the intercept of the yield reduction curve to change from year to year. A model allowing for different slopes (b i ) of the yield reduction curve in each year was tested for each cultivar. For all three cultivars, the models failed to reject the null hypothesis that the slopes in each year were identical. Thus, the model indicated above was deemed appropriate. A model with separate slopes for each year would indicate that the impact of the virus varied depending on growing conditions. Using a single common slope among years indicated that the virus had the same impact on yield each year.
RESULTS AND DISCUSSION
The incidence (%) of plants that tested positive for PVY varied from the target levels in 1995 for all three cultivars, with the incidences generally lower than the target levels, especially when higher incidences were desired. Virus incidences were much closer to the PVY target levels in 1996 and 1997 for most plots of Russet Burbank, whereas the desired virus levels were higher than the target amounts in the two lowest percentage plots of Shepody and Norkotah in 1996 and 1997 (Table 1) . There are several possible reasons for these discrepancies in target versus observed incidences of plants infected with PVY. Even though the vines were killed before aphids were detected in traps adjacent to the Colorado seed plots, there could have been some late-season virus spread due to aphid activity. Serological tests performed to detect late-season virus spread in the field may not detect all infected plants. Late-season virus spread may explain why the plots with targeted incidences of 0% PVY, grown from putatively healthy tubers, had as high as 15% incidence of PVY. The lower detected incidence of PVY than that targeted in 1995 and 1997 probably was due to the fact that tubers harvested from plants that tested positive for PVY were assumed to be infected, but the tubers were not tested directly. PVY is not necessarily distributed uniformly in an infected plant, and some of the lateral buds on the progeny tubers may not have been infected (4) . This may explain why plots with 20 and 50% targeted levels of PVY infection had incidences of PVY lower than the target percentages in 1995 and again in 1997. Mean yield data is presented for all three cultivars in each year in Table 2 . Seasonal differences were readily apparent, with 1997 having the highest yields and 1996 having the lowest. This result was consistent for all three cultivars. The regression analysis for yield of Russet Burbank demonstrated a correlation coefficient (R 2 ) of 0.8259 (Table 3 ). This meant that 82% of the variation in yield was explained by the regression model. The table contains the parameter estimates for the b i along with their standard errors, t statistics, and P values. The t statistics are for the hypothesis test Ho: b i = 0. For all b i , this hypothesis is rejected at any reasonable level of significance and we conclude that the parameter estimates are, indeed, significantly different from zero.
The impact of including intercept shifters by showing a separate trend line for each year is illustrated in Figure 1 . The results indicate that, although allowances must be made for differences in growing conditions from one year to the next, the impact of PVY on yield is the same within each year.
Yield was found to be reduced by 0.1805 t/ha for each 1% increase in PVY. To put this in terms of lost income, assuming that potato tubers are, on average, worth $99.2/t, this would represent a decrease in gross revenue of $17.91/ha. This dollar amount is applicable in each year of the study.
Yield analysis for cv. Russet Norkotah is shown in Table 3 Yield results for cv. Shepody are shown in Table 3 and Figure 3 . The R 2 of 0.7316 indicated that 73% of the variation in yield was explained by the three variables in the model. The t statistics indicate that Ho: b i = 0 would be rejected for all b i except b 2 at the 0.05 level of significance. The parameter estimate for b 2 is not significantly different from zero at the 0.05 level, but is significantly different from zero at the 0.14 level. We include b 2 in the model even though it can be deemed insignificant by stricter standards. If we were to eliminate this variable from the model, the trend line for years 1 and 2 would be coincidental. A b 1 of -1.5225 indicates that, for each percentage of increase in PVY, yield declines by 0.1709 t/ha. Again, assuming that potato tubers are worth, on average, $99.2/t, this would represent a decrease in gross revenue of $16.96/ha. This dollar amount is applicable in each year of the study.
In certification programs, the amount of PVY mosaic virus allowed during a field inspection ranges from 0.2 to 2.0%. The highest allowed in Idaho seed in a field inspection is 1.0% (1). To determine whether or not a seed lot can be recertified (i.e., entered into a seed program the following year), the seed lot must pass a postharvest test (1) . There has been some discussion among certification officials concerning different recertification tolerances for cultivars such as Russet Norkotah and Shepody. However, these results suggest that such cultivar-specific tolerances are not necessary or desirable. In addition, the limited-generation system for seed potato production is designed to keep the starting stock of seed programs clean by flushing lots with higher levels of seedborne virus out of the system and limiting the number of years (generations) that a given seed lot can be recertified to a maximum of seven generations (1) . These results show that each percentage of increase of seedborne PVY results in a definable yield loss at harvest. With this knowledge, the commercial grower can make educated decisions about what level of PVY mosaic virus constitutes an acceptable risk in the seed purchased for planting.
The results of this experiment demonstrated that the greater the incidence of PVY in a seed lot, the more total yield is reduced for the cultivars evaluated. Surprisingly, the amount of yield loss for each 1% increase in seedborne PVY remained the same for all of the cultivars among years, even though total yields varied considerably among years. For Shepody and Norkotah, despite a tendency for less severe symptoms of PVY infection, the virus was responsible for yield reductions very similar to those observed in Russet Burbank, for all 3 years of this study. 
